The European green crab, Carcinus maenas, has been established on the west coast of North America since at least 1989, yet populations were limited to coastal embayments for more than two decades. In 2012, the first population was identified within the Strait of Juan de Fuca, which provided the impetus to develop a citizen science program to monitor for invasive green crab within the inland marine waters of Washington State (USA). In 2016, 116 volunteers monitored 26 sites using baited traps and visual surveys. On August 30, 2016, a single live male crab (74 mm carapace width) was captured in Westcott Bay on San Juan Island, Washington, by volunteers -the first detected range expansion in these inland waters. In September 2016, an additional crab was collected in Padilla Bay, Washington. The citizen science program and subsequent rapid assessment efforts by multiple partners found one green crab molt carapace in Westcott Bay, and three additional live crabs in Padilla Bay. Based on our results, the current extent of the invasion might be spatially and numerically restricted, but the occurrence of green crab in the San Juan Islands and Padilla Bay could portend future establishment of the species in the inland waters of Washington State and elsewhere in the Salish Sea. The citizen science program and rapid assessment efforts serve the dual purpose of providing ongoing monitoring and limited control in habitats vulnerable to invasion.
Introduction
The European green crab Carcinus maenas (henceforth green crab) is among the most widespread and welldocumented marine invaders (see review by Carlton and Cohen 2003) . Established invasive populations occur in shallow coastal waters of Atlantic North America, southeastern Australia and Tasmania, South Africa, Pacific North America, and most recently Atlantic Patagonia (LeRoux et al. 1990; Griffiths et al. 1992; Cohen et al. 1995; Grosholz and Ruiz 1995; Hidalgo et al. 2005) .
Native to coastal waters from Mauritania to Norway (Almaca 1962; Christiansen 1969; Manning and Holthius 1981) , green crab are abundant within a variety of habitats (Crothers 1970; Berrill 1982) . In these habitats, they compete with other decapods (Eriksson et al. 1975 ) and regulate community structure through predation (Reise 1977; Jensen and Jensen 1985; Sanchez-Salazar et al. 1987 ) and sediment disturbance during foraging (Schratzberger and Warwick 1999) . At high densities, the species also limits the distribution of some benthic invertebrates (Dare and Edwards 1976; Jensen and Jensen 1985; Sanchez-Salazar et al. 1987; Richards et al. 1999 ).
Significant impacts have been attributed to green crab within portions of the introduced range, particularly the coasts of the western Atlantic. Green crab predation results in local depletion of a commercially important bivalve (i.e., the softshell clam, Mya arenaria) in New England, which has periodically contributed to collapse of that fishery (Glude 1955; Hanks 1961; Floyd and Williams 2004) . In Maine (Neckles 2015) and Nova Scotia (Garbary et al. 2014) , green crab digging and burrowing has been implicated in the loss of eelgrass beds, resulting in cascading ecosystem impacts including declines in fish abundance and biomass (Matheson et al. 2016) . Phenotypic and behavioral changes, considered adaptive responses to intense crab predation, have also been observed among snails and mussels in conjunction with the northward range expansion of green crab in the western Atlantic (Vermeij 1982; Seeley 1986; Leonard et al. 1999; Smith and Jennings 2000) . Due in part to the variety and severity of impacts observed as populations grew and expanded in the western Atlantic, the spread of green crab into the northeastern Pacific was viewed with concern by scientists, resource managers, and citizen conservation groups (Cohen et al. 1995; Jamieson et al. 1998; Carr and Dumbauld 2000; Grosholz and Olin 2000; McDonald et al. 2001; Palacios and Ferraro 2003 This discovery of green crab prompted the reestablishment of early detection monitoring along Washington's inland shorelines. To more effectively surveil the nearly 3,000 km of Washington's inland shoreline, citizen science monitoring was selected as the most efficient approach, because it provides a framework whereby volunteers can collect data over large spatial and temporal scales at relatively low cost (Bonney et al. 2009 ). There are potential challenges to working with volunteers; including limited experience identifying invertebrates, or reluctance to commit to a long-term monitoring project. Yet previous work by Delaney et al. (2008) has demonstrated that trained volunteers can identify green crab for monitoring purposes, and the ubiquity of cell phone cameras enables nearly instant expert verification of species identity.
We describe here the volunteer-based monitoring program in Washington State (i.e., Crab Team) and collaborative rapid assessments, and report patterns of green crab occurrence within the inland marine waters of Washington State.
Methods
Two approaches were used to monitor for the presence of green crab -a regular (i.e. monthly), geographically-distributed, volunteer-based monitoring program, and an intensive, targeted, rapid assessment survey in areas where green crab have been detected.
Volunteer monitoring
The volunteer early detection and monitoring program (Crab Team) was initiated by Washington Sea Grant (WSG) 
Site selection
Given limited volunteer and equipment resources, and a large area for surveillance (ca. 3,000 km of shoreline), a habitat suitability assessment was conducted to prioritize localities for early detection efforts. Unlike in the native range, or other invaded regions, on the US West Coast, green crab has historically been restricted to soft-sediment habitats (Grosholz and Ruiz 1996) , where it reaches its greatest abundance in intertidal areas with restricted flow and in marsh habitats lacking large native crabs (e.g., red rock crab, Cancer productus, Hunt and Behrens Yamada 2003; Jensen et al. 2007 ). Prior experience with Willapa Bay and central California populations suggests best habitats for this species include features such as impounded lagoons and tidal sloughs with attributes like emergent saltmarsh vegetation and epibenthic structure (McDonald 2006; McDonald et al. 2006) . These habitats integrate environmental factors (e.g., topography, biotic conditions, hydrography, exposure, and substrate) known to influence distribution of green crab globally (see review by Cosham et al. 2016 ). Thus we assessed locations within inland waters of Washington State with a simple additive model by scoring characteristics visible in publicly available aerial photography and satellite imagery (Washington Sea Grant 2017). The primary inclusion variable was coarse-scale habitat feature (i.e., lagoons, tidal sloughs and channels, intertidal mudflats > 100 m wide) and more than 400 locations were evaluated. For a given location, points were added when positive attributes were present (e.g., marsh vegetation, rock rip-rap) and points were subtracted for negative attributes (e.g., high wave energy or extensive freshwater input) (Washington Sea Grant 2017). Locations were categorized as high, medium, and low suitability based on the total number of points accumulated. Monitoring sites were selected from this group based on feasibility and logistical constraints (e.g., access, safety, volunteer availability), which are important considerations in citizen science monitoring programs (e.g., Cox et al. 2012) .
Monitoring protocols
At each site, volunteers conducted three standardized survey protocols: a baited trap survey, molt hunt, and shoreline habitat transect. The protocols were aimed at increasing the detection probability for green crab via multi-modal search techniques, as well as collecting community and habitat data (i.e., other species present, vegetation cover, sediment type) to enable robust assessment of ecological effects via a multiple before-after control-impact (BACI) design should green crab become locally abundant. Evaluating diversity and abundance of native organisms and habitat attributes also provides region-wide, baseline observations on relatively understudied estuarine marsh habitats and pocket estuaries (Grason et al. 2016) and was designed to help maintain ongoing citizen science volunteer engagement even where green crab were not observed (e.g., Dickinson et al. 2012 ).
In baited trapping surveys, six traps -three galvanized steel cylindrical minnow traps (5 cm opening, 0.5 cm mesh) and three rectangular Fukui model FT-100 fish traps (1 cm mesh) -were deployed from shore to capture an overnight high tide event once per month during the period of peak green crab activity (April-September; McDonald 2006; McDonald et al. 2006) . Adult green crab are somewhat cryptic, exhibit fairly localized daily movements and maintain home ranges on the order of tens of meters in coastal Washington estuaries (McDonald 2006; McDonald et al. 2006) . Baited traps, while currently the most practical, scalable option for live capture, target relatively small areas and only attract crabs that are actively searching for food. Therefore, traps were positioned to capture green crab emerging from burrows to forage on the returning tide. The traps were arrayed in a horizontal transect parallel and adjacent to the lower edge of the terrestrial habitat boundary at the same tide level. This orientation ensured consistency across all sites and meant traps were in close proximity to structure that provides green crab shelter during low tide (mud banks, marsh vegetation, or rock rip-rap). Within the transect, traps were placed 10 m apart, alternating trap type, and anchored with a thin metal rod.
The number of traps placed at each site (n = 6) is a compromise to satisfy the primary objectives of the program: 1) to detect presence of green crab and 2) to engage volunteers in citizen science. While some sites could accommodate additional traps, we limited the time commitment and physical demands of the work in consideration of volunteer satisfaction (J. Adams, unpublished data). Total area covered by an individual trap array was typically 10-25% of a site. Traps were baited with 200 g of frozen mackerel (e.g., Jensen et al. 2007; McDonald et al. 2006 ) and set on the returning lower-low tide, placed so they were more than half submerged at the time of setting to ensure trap submergence for the entire deployment and reduce bycatch mortality. On the ebbing lowerlow tide the following day, volunteers returned to identify, count, and record all species in the traps and release all native organisms on site. Volunteers submitted photographs of trap catches, which were reviewed by Crab Team staff for quality assurance and to ensure green crab were not inadvertently released (i.e., reduce risk of false negatives). Additional targeted photographs were used to verify the identity of any cryptic or unknown organisms.
Range expansions of green crab are occasionally detected first by molts (i.e., exuviae) rather than live individuals. In 2015, we piloted a standardized molt survey along a 50 m transect in the terrestrial habitat boundary adjacent to the trapping array. However, Green crab molts found 1 0 molt deposition typically occurs broadly at these sampling sites (personal observation), and timed searches are expected to be more effective for detecting rare species (Metcalfe-Smith et al. 2000) . Accordingly, in 2016 a molt survey was conducted at each site April-September, which consisted of a timed search (20 person minutes) originating at a fixed site marker. Volunteers searched areas of wrack deposition, collected all molts detected in the time allowed, and identified them to the lowest taxonomic group possible (typically species).
To assess habitat characteristics at each site and quantify changes over time, potentially due to green crab, volunteers collected data on shoreline features (i.e., percent cover of wrack type, rooted vegetation, and live epifauna, and predominant substrate type) along a 50 m transect in the terrestrial habitat boundary adjacent to the trapping array. Data were collected monthly (April-September) in ten 0.1 m 2 quadrats at randomly-assigned distances along the transect. Detailed protocols for these surveys can be found online (Washington Sea Grant 2017).
Rapid assessment surveys
As soon as feasible following detection of green crab, rapid assessment surveys were undertaken to assess the scope of any potential established population at a local scale. Traps were set broadly (ca. 20 m trap distance) across as much suitable habitat as possible within a 3-5 km radius, given the constraints of staff time, tides, and equipment (Table 1) . Nearly all sites were trapped for two consecutive overnight high tides using a combination of baited minnow and Fukui traps. In addition to live trapping, the survey participants also opportunistically inspected molts within wrack deposited at each site. Rapid assessment actions were led by WDFW in coordination with WSG Crab Team and with key assistance from local stakeholders. All participants in the rapid response assessment surveys were qualified research or monitoring staff (i.e., field biologists) representing the different collaborating institutions. Presence or absence of green crab was recorded for each trap.
Results
In the 2015 pilot season, monitoring occurred at seven sites across two months, resulting in 84 trap sets. The program expanded in 2016, but monitoring was not initiated at all sites at the beginning of the season in April. In total for that year, 139 trapping surveys (and 140 molt surveys) occurred across 26 sites (including six of the sites monitored in 2015), resulting in a total effort of 834 trap sets (Supplementary  material Table S1 ).
The first observation of green crab in Washington inland marine waters was made by a team of WSG Crab Team volunteers during their regular monthly monitoring. The crab was a single adult male (74 mm carapace width, CW) captured in a Fukui trap at Westcott Bay, San Juan Island (Figure 2A) Figure 2A ), although a single molted carapace from an adult green crab (sex unknown) was found in the channel very close to the original capture site. Based on the size of the carapace (69 mm CW) and information about growth increment (Behrens Yamada et al. 2005) , the molt could not have come from the crab captured in the trap. This suggests that at least one more green crab occurred at the site but was not captured by follow-up efforts, including the regular monthly trapping by volunteers in September 2016 that occurred two weeks after the rapid assessment trapping. Figure 2B ). All crabs captured in Padilla Bay were presumed to be young of the year based on size and shell condition using the relationship estimated by Behrens Yamada et al. (2005) . No green crab molts were found during this assessment.
No other evidence of green crab was observed at monitoring sites throughout the inland waters of Washington State in 2015 and 2016, including other sites in the Strait of Juan de Fuca, San Juan Islands, Hood Canal or Puget Sound (Figure 1 ). This includes expert review of photographs of all trap catches submitted by Crab Team volunteers. In addition, previous diverse monitoring efforts (e.g., baited trapping, habitat surveys) in the region, dating back to 2001, failed to detect green crab (Behrens Yamada et al. 2017) . All crabs detected to date have come from the 2015 or 2016 year class, with no evidence of multiple year classes within a single site, which would indicate potential local reproduction. Together, these lines of evidence support the inference that these observations document the earliest arrivals of this species.
Discussion
The capture of a green crab in surveys on San Juan Island by trained volunteers demonstrates the potential for citizen science to support early detection monitoring and expands on previous efforts to use citizen science to detect this species across a large spatial scale (e.g., Delaney et al. 2008) . This approach enabled a greatly expanded scope of monitoring, as government and academic resources can only support monitoring at a handful of sites (e.g., Dickinson et al. 2012) . Coupled with follow-up rapid assessments by professional biologists, the citizen science program has allowed WDFW to satisfy the state legislative mandate for management of a prohibited level 1 species.
These observations mark the first confirmed detections of green crab in Washington's inland marine waters (i.e., Puget Sound and San Juan Islands; Figure 1 ) and indicate a potential range expansion of a globally invasive crab. No green crab had been documented in these waters previously despite trapping efforts (see summary in Behrens Yamada and Gillespie 2008) and public outreach that began in 1998, when the first crab were captured in Washington coastal estuaries (e.g., Carr and Dumbauld 2000). One putative report of a molt from Boundary Bay (Canada) was made in 2014, but lacked physical or photographic evidence to confirm identification, and follow up trapping failed to detect green crab in that area (T.W. Therriault, personal communication).
It is possible the lack of sightings prior to 2016 resulted from misidentification. During the 1990's, WDFW supplemented monitoring by conducting a broad public outreach campaign, asking beachgoers to report any suspected green crab. Green crab, however, have characteristics similar to native species and WDFW received hundreds of reports of green crab in the Salish Sea, none of which was a correct identification, i.e., all of which were native species. Presumably, misidentification could work in the opposite direction as well, and green crab observed by beachgoers could have been mistaken for native species. This challenge of correctly identifying a cryptic invader can be mitigated by incorporating robust volunteer training, clear, directed, public outreach materials, and engagement of diverse stakeholders with local ecological knowledge into early detection programs. For instance, green crab are less likely to have been mistaken for native species by shellfish growers because they have greater familiarity with local fauna than casual beachgoers. Commercial shellfish activities overlap with suitable green crab habitat, yet, to date, no reports of this species have been made by shellfish growers operating in the Salish Sea, strengthening the inference that green crab were absent from the region until recently.
Transport vectors and the source population(s) of the green crab described here remain unknown. Past human-mediated worldwide introductions of green crab have likely been facilitated by ballast exchange, hull and gear fouling, shellfish transfers, and seafood shipments, while regional spread often occurs via larval dispersal once a nascent population becomes established (Carlton and Cohen 2003) . Humanmediated transport cannot be ruled out, particularly for the Westcott Bay crab, but there is better support for natural dispersal in Padilla Bay. First, WDFW maintains strict quarantine for transport of commercial shellfish and materials from waters known to be infested with green crab, and there are currently no commercial operations in Westcott Bay (P. Kohn, personal communication). Padilla Bay also lacks marinas or other infrastructure for recreational and commercial boats and the shallow depth and paucity of navigable channels makes it unsuitable for most watercraft, thereby limiting risks related to those vectors. Last, the four green crab captured in Padilla Bay, while likely all part of the same cohort (based on CW; Behrens Yamada et al. 2005) , were spread across more than 10 km of shoreline, making it likely they arrived as larvae rather than juveniles or adults; yet no documented discharges of untreated ballast water have occurred in the area for many years (A. Pleus, unpublished data).
If larval dispersal is the most parsimonious explanation for the recent arrival, then the established population in Sooke Basin is the most likely source, although alternative explanations exist (Behrens Yamada et al. 2017 ). In the early stages of the West Coast invasion, the Strait of Juan de Fuca was believed to provide a semi-permeable hydrogeographic barrier to expansion into the Salish Sea, particularly along the northern shore because prevailing surface currents favor export (Jamieson et al. 2002 ). It appears this was partially overcome by human-mediated transport to Sooke Basin (T. Therriault, personal communication) and establishment of green crab populations there as of 2012 (Curtis et al. 2015) , thereby increasing the probability of further expansion. Sooke Basin is the closest known established population to both Padilla and Westcott Bays, and might enable larvae to partially bypass the presumed hydrogeographic barrier presented by conditions of the Strait of Juan de Fuca. Moreover, preliminary passive-particle modeling simulations suggest larvae could be carried eastward from Sooke Basin into inland waters (P. MacCready, unpublished data).
The capture of green crab of separate year classes in different locations might indicate at least two distinct recruitment events have taken place. The size of the crabs suggests that larvae arrived in Westcott Bay in the winter of 2014/2015 and in Padilla Bay during the winter of 2015/2016. It has been suggested that warm years of strong positive ENSO conditions are favorable for larval survival (Behrens Yamada et al. 2015) . The highest ENSO indices on record since the 1997/1998 dispersal event occurred during 2014/2015 and 2015/2016 (NOAA Climate Prediction Center), coincident with the assumed arrival dates of the two year classes, and therefore might have also contributed to the timing of this expansion (Behrens Yamada et al. 2017) . Additional populations of green crab, as yet undetected, on Canadian shorelines within the Salish Sea, might also be a source of larvae, particularly for the San Juan Islands (Behrens Yamada et al. 2017) .
The future of green crab in the Salish Sea remains unknown, but the potential for ecological damage could be substantial. Washington's inland marine shorelines are characterized by abundant suitable habitat for green crab and by geography that favors retention and regional distribution of larvae, conditions that could promote establishment and rapid expansion of the species throughout the Salish Sea. Much of this suitable habitat is also critical for culturally and economically important species and habitats, such as eelgrass (Zostera marina), juvenile salmonids, and Dungeness crabs (Cancer [Metacarcinus] magister). Green crab have a well-documented history of negative impacts on shellfish (e.g., Whitlow 2010; Walton et al. 2002) , and recent evidence points to the potential for green crab to damage and impair the restoration of eelgrass (Neckles 2015; Matheson et al. 2016) . Thus, if stated goals of shoreline habitat integrity and eelgrass expansion are a priority (Washington State Department of Natural Resources 2015), it is important to respond to this expansion swiftly. Previous efforts in central California (i.e., Bodega Bay Harbor and Seadrift Lagoon) demonstrated that, with intensive and sustained trapping, green crab populations can be reduced in isolated habitats (C. deRivera, personal communication). Citizen science programs leveraging support from multiple stakeholder groups can provide a model for effective early detection monitoring, which in turn can significantly improve the effectiveness of rapid response efforts by state and local field biologists. In light of the risks, and to support management goals, WSG Crab Team doubled the number of monitoring sites during 2017, and continues the model of early detection/rapid assessment for this globally damaging invasive species.
